The maize sex determination pathway results in the arrest of stamen in ear spikelets and the abortion of pistils in both the tassel spikelets and in the secondary florets of ear spikelets. Arrested stamen cells showed no signs of DNA fragmentation, an absence of CYCLIN B expression, and an accumulation of the negative cell cycle regulator WEE1 RNA. M AIZE plants produce unisexual flowers, called florets in grasses, which are spatially separated, with staminate florets on the terminal inflorescence and pistillate florets on the axillary inflorescences ( Figure 1 ). These florets are arranged in pairs (upper and lower) within a spikelet, the basic unit of grass inflorescence. Each floret is initially bisexual with three stamen initials and a central pistil. Unisexuality is achieved through the selective elimination of floral organs. All pistil primordia are eliminated in tassel spikelets resulting in exclusively paired staminate florets. In most lines of maize, one or more axillary inflorescences (ears) contain spikelets with one pistillate floret and a sterile secondary floret through the elimination of all stamen primordia and the pistils in the secondary florets.
M AIZE plants produce unisexual flowers, called florets in grasses, which are spatially separated, with staminate florets on the terminal inflorescence and pistillate florets on the axillary inflorescences ( Figure 1 ). These florets are arranged in pairs (upper and lower) within a spikelet, the basic unit of grass inflorescence. Each floret is initially bisexual with three stamen initials and a central pistil. Unisexuality is achieved through the selective elimination of floral organs. All pistil primordia are eliminated in tassel spikelets resulting in exclusively paired staminate florets. In most lines of maize, one or more axillary inflorescences (ears) contain spikelets with one pistillate floret and a sterile secondary floret through the elimination of all stamen primordia and the pistils in the secondary florets.
Maize sex determination is under the control of cell death, cell protection, and phytohormone-mediated processes (reviewed by Irish and Nelson 1989; Dellaporta and Calderon-Urrea 1995; Irish 1996) . Mutations that affect sex include the tasselseed 1 (ts1) and ts2 mutations, which cause the failure of primary and secondary tassel pistils to abort with the subsequent arrest of all tassel stamen primordia. The abortion of pistils in the secondary ear florets is also blocked in these mutants resulting in paired pistillate ear spikelets. The ts2 gene encodes a short-chain alcohol dehydrogenase/reductase (SDR) that is required for the abortion of pistil cells in both tassel spikelets and the secondary pistils of ear spikelets (Delong et al. 1993) . TS2 is also expressed in the functional primary pistils of the ear spikelets even though these pistils do not undergo tasselseed-mediated cell death. Primary ear pistils survive through the action of the silkless 1 (sk1) gene; mutations in sk1 block pistil survival causing these pistils to abort by a tasselseed-mediated cell death process (Veit et al. 1991; Irish and Nelson 1993; Calderon-Urrea and Dellaporta 1999) .
We examined the process of the formation of pistillate florets in both wild-type and in ts2 mutant plants. The nuclear integrity in arresting stamen initials was examined by staining paraffin-embedded tissue sections with DAPI (Figure 2) . At the organ level, stamen arrest was evidenced in wild-type ear florets by the lack of enlargement of stamen initials soon after the bisexual stage of floral development. In these growth-arrested stamens, cells continued to show nuclear integrity, as judged by DAPI staining (Figure 2A ). As the primary pistils continued to mature, stamen initials showed no loss of nuclear integrity even at the stage where tasselseedmediated cell death had eliminated E2 pistils ( Figure  2B ). Unlike pistil abortion in tassel and secondary ear florets (Cheng et al. 1983 ; Calderon-Urrea and Dellaporta 1999), nuclear degeneration is not an indication of the stamen arrest process in ear florets.
Mutations in ts2 cause pistillate florets to form in tassels instead of staminate florets. We examined the arrested stamens in the tassels of ts2 mutant plants. As with wild-type florets, the ts2 florets were initially 1 bisexual (not shown) followed soon afterward by the arrest of stamen initials and the subsequent maturation of the pistil ( Figure 2C ). In arrested stamens, nuclear integrity was again evident with no indication of nuclear degeneration, and only at very late stages of inflorescence development (.50 mm length) did any signs of a loss of nuclear integrity in arrested stamens become apparent (not shown). The process of stamen arrest in ts2 tassel florets therefore appears to be similar to that observed in wild-type ears, whereby an arrest of stamens occurs without a loss of nuclear integrity.
To further characterize the process of stamen arrest, we performed TdT-mediated dUTP-biotin nick end labeling (TUNEL) assays (Gavrieli et al. 1992) to detect signs of nuclear DNA fragmentation. In tassel and ear inflorescences up to 25 mm in length (bisexual stage), no DNA fragmentation was detected in the floral primordia in either pistil or stamen primordia (Figure  3 , A and G). At later stages (inflorescences 30-50 mm length) as florets become unisexual, arrested stamens in ear florets showed no TUNEL signal ( Figure 3 , B and C) indicating a lack of detectable DNA fragmentation. As a positive control, we examined the process of elimination of pistil initials in wild-type tassel florets. As previously shown, pistil cells undergo a process of subepidermal tasselseed-mediated cell death detected by rapid loss of nuclei integrity (Calderon-Urrea and Dellaporta 1999). In aborting pistils, subepidermal cells were clearly positive in TUNEL assays ( Figure 3 , H and I) indicating extensive DNA fragmentation. TUNEL signals preceded the complete loss of nuclear integrity as judged by propidium iodide staining. Stamen arrest therefore was not a direct consequence of DNA fragmentation or cell death, unlike the process of pistil cell death, which is accompanied by a rapid loss of nuclear integrity and DNA fragmentation.
Next, we examined the possibility that a block in stamen development was the result of cell cycle arrest. The cyclin B gene acts as a positive regulator in the G 2 /M phase of the cell cycle and its RNA is short-lived and present only in dividing cells in the G 2 /M transition (Fobert et al. 1994) . In situ RNA hybridization with the maize B-type cyclin gene (Renaudin et al. 1994 ) is shown in Figure 3 . The cyclin B gene was highly expressed in a subset of cells in all floral organs in the early bisexual stage of inflorescence development, an indication of prevalent cell division in these tissues. As ear florets matured, CYCLIN B expression continued to be detected Inflorescences were fixed in 4% formaldehyde, embedded in paraffin, and sections were prepared for in situ hybridizations essentially as described ( Jackson 1992) except that Hemo-De (Fisher Scientific) was substituted for Histo-Clear (National Diagnostics, Atlanta). Nuclear integrity assays were performed by incubation of tissue sections in a 0.3 mm solution of 49,6-diamidine-29-phenylindole dihydrochloride (DAPI; Roche Applied Sciences) in PBS followed by several washes in PBS and mounting in 70% glycerol in 30% PBS. throughout a subset of cells in developing pistils, but CYCLIN B expression was undetectable in any cells of the stamens (Figure 3 , E and F), consistent with a cessation of cell division and arrested development of these stamens. Moreover, the lack of CYCLIN B expression occurred at the time that nuclei integrity remained high as judged by propidium iodide staining (Figure 3 , B and C).
Likewise, in the tassel inflorescence, CYCLIN B expression was seen in a subset of cells throughout the floral meristem during early development ( Figure 3J ) and at later stages in the developing stamens ( Figure  3K ) but was absent from aborting pistils of wild-type tassels ( Figure 3L ). In mutant ts2 tassels, CYCLIN B was detected at all stages examined in a subset of cells of pistils (Figure 3 , P-R), but not at later stages in stamens Figure 3 .-CYCLIN B1 expression and DNA fragmentation in floral organs. TUNEL assays (green fluorescent signal) on paraffin-embedded section of wild-type ear (A-C), wild-type tassel (G-I), and ts2 mutant tassel (M-O) florets and counterstained with propidium iodide (red fluorescent signal). In situ hybridization with CYCLIN B1 antisense probes to serial sections of wild-type ear (D-F), wild-type tassel ( J-L) and ts2 mutant tassel (P-R) florets. Note the absence of TUNEL signals (B and C) in wild-type stamen initials also showing no CYCLIN B1 expression (E and F). TUNEL signal is seen in wild-type pistils undergoing tasselseed-mediated cell death (H and I). Bars, 100 mm. Total RNA from maize tissues was purified by the guanidine thiocyanate method (Chirgwin et al. 1979) . First strand cDNA was synthesized using SuperScript II (GIBCO BRL) and an oligod(T) primer according to the manufacturer's instructions. The cDNA clones were obtained by PCR amplification of first strand cDNA using CYCLIN B1 primers (P917 59-CCTGGACTCTGAGAA CAGCCTACCA-39 and P918 59-CCGACTCTGAGAA CAGCCTAGCAAA-39). PCR amplification was performed using the expand long template PCR system (Boehringer Mannheim) using the manufacturer's instructions under the following cycling conditions: 94°for 2 min, then 10 cycles at 94°for 10 sec, 65°for 30 sec, and 68°for 2 min, followed by an additional 20 cycles of PCR at 94°for 10 sec, 65°for 30 sec, 68°for 2 min. Amplification products were cloned into the vector pCRII (Invitrogen), and sequenced to confirm their identity. For in situ riboprobes, plasmid DNA was linearized at a restriction site flanking the cDNA inserts by digestion with an appropriate enzyme that generates a 59 overhang. Linearized plasmid DNA was used as a template to synthesize digoxigenin-labeled RNA using T7 or T3 polymerase and 11-digoxigenin-dUTP according to manufacturer's instructions (Roche Diagnostics). The RNA probe was subject to mild alkaline hydrolysis for varying times in 0.1 n NaOH to yield products in the 100-200 nucleotide range. The final concentration of riboprobe was adjusted to 10 ng/ml/kb with overnight hybridization at 55°. Tissue fixation, nuclear staining, and sectioning were as described above (Figure 2 ). Washing and detection of RNA hybridization signals was as previously described ( Jackson 1992; Calderon-Urrea and Dellaporta 1999) . TUNEL assay were performed on tissue sections using the DeadEnd Fluorometric TUNEL system according to manufacturer's instruction (Promega) followed by counterstaining in 10 mg/ml propidium iodide in PBS, several washes in PBS, and mounting in 70% glycerol in 30% PBS. All sections were examined using a Zeiss Axiophot microscope with the appropriate excitation and emission filters for epifluorescence imaging.
( Figure 3 , Q and R), a result consistent with the arrest and cessation of cell division in these organs. Taken together, the data on nuclear integrity, TUNEL assays, and CYCLIN B expression suggest that the process of stamen arrest involves a cell cycle block rather than a cell death mechanism characteristic of tasselseed-mediated pistil elimination.
To further investigate the status of the cell cycle in the arrest of stamens, we examined the expression of several cell cycle regulators, including several other cyclins (Renaudin et al. 1994; Gutierrez et al. 2005) , retinoblastoma-related protein (Grafi et al. 1996) , cyclin-dependent kinase (CDK) (de la Paz Sanchez et al. 2002; Sanchez Mde et al. 2005) , the spindle checkpoint protein MAD2 (Yu et al. 1999) , CDK inhibitor (Coelho et al. 2005) , and WEE1 (Xie et al. 1996; Sun et al. 1999 ) genes (data not shown). Interestingly, expression of a negative cell cycle regulator, WEE1, showed a striking accumulation of its RNA in arrested stamen cells but not in other floral organs, including dying pistils (Figure 4 , A and C). The maize WEE1 mRNA was well expressed in the arrested stamens of both wild-type ear florets ( Figure 4A ) and in mutant ts2 tassel florets ( Figure 4C ). This period in which WEE1 RNA accumulation was observed coincided with the period in which CYCLIN B was absent in the cells of the arrested stamens (Figure 4, D and F) . Although CYCLIN B expression was absent ( Figure 4C ), WEE1 RNA did not accumulate during pistil abortion in ear florets ( Figure 4B ). This result implicates a cell cycle block, possibly mediated by negative cell cycle regulator WEE1, in the process of arresting stamen cells but apparently not in the process of pistil abortion.
Previous studies have shown that the elimination of pistils in tassel florets and secondary ear florets is a cell death process (Cheng et al. 1983; Calderon-Urrea and Dellaporta 1999) . Pistil cell death is associated with subepidermal TS2 expression and nuclear degeneration shortly after florets reach a bisexual stage of development (Delong et al. 1993; Calderon-Urrea and Dellaporta 1999) . In contrast to this process, the failure of stamens to mature in pistillate florets does not coincide with any early indications of cell death with growth of initials arrested shortly after the bisexual floret stage (Cheng et al. 1983; Delong et al. 1993; Calderon-Urrea and Dellaporta 1999) Figure 4C ). In contrast, the pistil abortion process was not associated with WEE1 RNA accumulation ( Figure 4B ), although CYCLIN B RNA was also not detected in aborting pistils (Figure 3, K and L) . In aborting pistils, however, both signs of nuclear degeneration ( Figure 2C ) and DNA fragmentation (Figure 3 , H and I) were evident.
In eukaryotic cells, cyclin B regulates the transition to mitosis and its transcription is cell-cycle regulated, peaking at the G 2 / M transition and repressed in G 1 (reviewed by De Veylder et al. 2003; Fung and Poon 2005) . WEE1 is a known to be a negative regulator of mitosis, inhibiting cyclin B/Cdc2 activity and the progression of cells from G 2 / M in the cell cycle (Nurse and Thuriaux 1980; Russell and Nurse 1986 ). WEE1 encodes a Thr/Tyr protein kinase that inhibits CDKs by phosphorylation (Mueller et al. 1995a,b; Murakami and Vande Woude 1998) . In light of our results, including the lack of DNA fragmentation, the absence of CYCLIN B expression, and the accumulation of WEE1, our data point to a cell cycle arrest rather than a cell death mechanism that is responsible for the production Figure 4 .-WEE1 and CYCLIN B1 expression in floral organs. In situ hybridization of serial sections using WEE1 (A-C) and CYCLIN B1 (D-F) antisense probes of wild-type ear (A and D), wild-type tassel (B and E), and ts2 mutant tassel (C and F) florets. Note accumulation of WEE1 (A and C) and absence of CYCLIN B1 (D and F) RNA in arrested stamen initials in the ear floret (A and D) and ts2 mutant tassel floret (C and F). Bars, 100 mm. The WEE1 cDNA clones were obtained by PCR amplification of first strand cDNA using primers WEE1 primers (P904 59-TCACGCTATATGCCTCCGGAAATG-39 and P920 59-CGCTGCCCAAATGCAACTGATAAC-39). PCR amplification, probe preparation and in situ hybridization were performed as described above (Figures 2 and 3) .
